In this study, strength and fracture toughness of epoxy adhesively bonded scarf joints of dissimilar adherends, namely SUS304 stainless steel and YH75 aluminium alloy are examined on several scarf angles and various bond thicknesses under uniaxial tensile loading. Scarf angles, θ = 45°, 60° and 75° are employed. The bond thickness, t between dissimilar metals is controlled to be ranged between 0.1 mm to 1.2 mm. Finite element (FE) analysis is also executed to investigate the stress distributions in the scarf joints by ANSYS 11 code. From analytical solutions, stress singularity exists most pronouncedly at the steel/adhesive interface corner of joints having 45° to 75° scarf angle. This is not only in agreement with the FE analyses results but also confirmed by fracture surfaces observation wherein the fracture has always been initiated at this point. The strength of scarf joints increases as the bond thickness decreases. Interface corner toughness, Hc approach can be applied when predicting the failure stress of scarf joints. Besides, for scarf joints with an interfacial crack, the fracture toughness, Jc values are independent of bond thickness and less sensitive to adherends. Moreover, Jc increases as mode mixity increases.
Introduction
Adhesive joint has many outstanding advantages over traditional bonding methods, especially in joining dissimilar materials. The main purpose of adhesive joint is to transmit significant loads through the structures in many engineering and industrial applications. Since adhesive joint exhibits stronger performance in shear, scarf joint is more preferable to butt joint. Moreover, scarf joint has higher static strength and efficiency in comparison to other generic joint types (e.g. step lap joint, double lap joint and single lap joint). There are many critical factors affecting the structural integrity and reliability of scarf joints. In the literature, the most commonly considered factors are joint geometry, mechanical properties of adhesive and adherend, bonding surface as well as loading condition. These effects of joint geometry and loading condition refer to mainly the bond thickness and scarf angle, respectively, and these two key parameters are the focus of this study.
Knowlegde of stress and strain distributions in adhesive layer provides insight into better understanding the effect of various critical parameters. Therefore, stress and strain analyses are very essential in evaluating the scarf joints. Though theoretical analyses are more cost effective, the numerical approaches such as FE analyses are extensively employed. Moreover, varying the key parameters not only will inevitably alter the stress and strain distributions but also affect the failure mechanisms of adhesive layer in scarf joints and to determine the joint strength [1] .
An understanding of failure mechanisms of adhesive layer is decisively important in interpreting the performance of a particular adhesive joint. Two types of failure are distinctive in adhesive joints; cohesive failure and interface failure. In cohesive failure, the crack propagates through the adhesive layer while when the separation (i.e. delamination) is at the adhesive/adherend interface, it is referred to as interface failure. It is known that bond strength is greater than the adhesive force. Therefore, strength of adhesive joints which failed cohesively is reportedly stronger than those failed at the interface. In addition, the locus of failure is also distinguished in terms of adhesive ductility. Ductile adhesive, for instance, rubber-toughened adhesive joints usually favor cohesive failure. By contrast, the relatively rigid, brittle adhesive joints generally fail preferentially at the interface. The stress concentration near the interface corner region and higher stress triaxiality states inside the brittle adhesive layer are known to be the primary contributor to interface failure.
Another important issue in adhesive joint technology which has received increased attention recently is the joint strength prediction. In this regards, a number of models have been proposed and is now widely utilized but with a limited degree of success. Basically, the strength prediction approaches are based on either strength of materials, plastic yield criteria, void nucleation models or fracture mechanic analysis. In actual practice, the fracture mechanics methodology has been proven to be a feasible tool for the assessment of strength and fracture toughness of both brittle and ductile adhesive systems. Particularly, for the problem of adhesive joints with interface crack, interface fracture mechanics has been established. Yuuki has reviewed this topic in details elsewhere [2] .
The main objective of this study was to elucidate the effects of joint geometry and loading mode upon the performance of scarf joints. Therefore, in this study, fracture tests of epoxy adhesively bonded scarf joints of dissimilar adherends were conducted under a remote tension load on various adhesive bond thicknesses and several scarf angles. The effects of joint geometry (i.e. bond thickness) and loading mode (i.e. scarf angle) upon strength and fracture behaviors of scarf joints will be qualitatively discussed. The issue in prediction of strength and toughness of scarf joints is also addressed.
Experimental Procedures
The epoxy adhesive used in this study was Hi-Super 30 produced by Cemedine Co., Japan. This is a commercial brittle epoxy adhesive which can be cured at room temperature (R.T.) approximately in 30 minutes. The epoxy resin and hardener were mixed thoroughly prior to bonding by using a centrifugal mixer for 1 min: 3 min schedule of diffusion and de-foaming, respectively. In our previous study [3] , the mechanical properties of the bulk epoxy adhesive were measured using the dog-bone specimen in uniaxial tension, and the pertinent results are tabulated in Table 1 .
To study the effect of scarf angle upon performance of epoxy adhesive joints with dissimilar adherends, scarf joint specimens having the scarf angle of 45°, 60° and 75° were prepared. The dimensions of the scarf joint are shown in Fig. 1 . The adherends were consisted of SUS304 stainless steel and YH75 (i.e. identical to A7075) aluminium alloy plates. The bonding surfaces were uniformly polished with # 2000 waterproof abrasive paper and afterward degreased with acetone solution. Adhesive bond thickness, t inside a scarf joint was controlled by using a specially developed fixture and was varied between 0.1 mm to 1.2 mm. All specimens were cured at R.T. over 24 hours. After specimens were totally cured, four strain gages were mounted onto the bonding line; two in the longitudinal direction (i.e. side of plate) and another two perpendicular to bonding line. For specimens with interfacial crack, the pre-crack was introduced by pasting a strip of 0.05 mm thickness Teflon tape on the adherend surface prior to bonding. The a/W was fixed to 1/8, where a and W were the pre-crack length and the width of the specimen, respectively. Tensile fracture tests of scarf joints were carried out by a universal tensile test machine (INSTRON). All specimens were tested at R.T. with the crosshead speed held constant at 0.5 mm/min. 
Results and discussion
Interface corner toughness. When an adhesive joint is subjected to a remote uniaxial load, within linear elasticity context, the asymptotic stress field develops at the vicinity of interface corners and exhibits singularity behavior of form σ ≈ Hr -λ where σ is the stress, r is distance from the interface corner, H is intensity of stress singularity and λ is order of stress singularity. The H failure criterion has been proposed by Groth [4] and is analogous to the linear elastic fracture mechanics (LEFM) concept, where it is associated with the discontinuity at the interface corner instead of crack. Failure is assumed to initiate at the interface corner when H exceeds the critical value, Hc. In order to be a valid failure criterion, any plasticity (i.e. plastic deformation) must be confined to a small region at the interface corner: conditions referred to as small scale yielding in LEFM. There are already some experimental evidences, which emphasized that Hc and λ parameters can be effectively used to successfully predict the onset of failure and eventually evaluate the relationship between bond thickness and adherend stiffness, as well as the strength of certain adhesively-bonded butt and scarf joints [5, 6] . Hence, the evaluation of λ in such adhesive joints is of practical important, and this can be fulfilled via following the calculation method as performed by Bogy [7] . Following the same procedure as Bogy as mentioned above, we have measured the λ of scarf joints under consideration and the results are plotted in Fig. 2 . As can be seen, λ at an interface corner varies with the scarf angle and vanishes at a certain scarf angle. From these results, at a glance, one may anticipate at which interface corner of the scarf joint the failure will onset. For example, at 45° scarf angle, λ exists at the steel/adhesive interface corner but not at the aluminium/adhesive interface corner, thus, it can be predicted that the failure initiation site will be at the steel/adhesive interface corner. There is a case where λ exists at both interface corners, let say in 75° scarf joints. In this case, λ at the interface corner of steel/adhesive and aluminium/adhesive was measured as 0.365 and 0.307, respectively. Since the order of stress singularity at the former is higher than the latter, the failure is predicted to initiate at the former.
After subjected to failure test, the locus of failure in each specimen was investigated. It was found that, in all specimens tested, interface failure was dominant. The interface failure was initiated at the steel/adhesive interface corner (A) and ended at the aluminium/adhesive interface corner (D), (see Fig.  3 ). Note that, in Fig. 3 , λ at A is greater than D. Thus, the failure initiation at A can be readily explained as the existence of higher degree of stress singularity order as mentioned above. To interpret the failure path, we examined the stress distribution inside the adhesive layer by FE analysis [8] . From the distribution of opening stress in the adhesive layer, we found that, at a distance ahead of the steel/adhesive interface corner line, the opening stress concentration is gradually vanished while at the aluminium/adhesive interface it is proportionally increased, thus the crack deviates from steel/adhesive interface into the adhesive layer and then finally approaches the aluminium/adhesive interface. However, there was no obvious different between path 1 and path 2.
As already discussed in the Introduction section, it is crucial to determine the strength (i.e. failure stress) of adhesive joints. The relation between failure stress and bond thickness for scarf joints
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Fracture and Strength of Solids VII without defect is shown in Fig. 4 . It can be observed, in all scarf angles tested, the failure stress is slightly increased with the decreasing bond thickness. This indicates a typical influence of bond thickness upon the strength of adhesive joints and has been well accepted. Moreover, the failure stress of 45° scarf joints is higher than the results of 90° butt joints. Note that the data for butt joints (i.e. θ = 90°) are taken from our previous published results [8] . This is due to the adhesive layer inside the 90° specimens has experienced far greater stress triaxiality states in comparison to those in the 45° specimens. The stresses inside the scarf joints are also a combination of shear and tensile.
To predict the strength of adhesive joints and its relation to bond thickness, the interface corner toughness, Hc can be applied. According to Akisanya and Meng [5] , Hc is defined by:
) ,
(1) where Q is a non-dimensional constant function of the material elastic parameters (i.e. Dunder's parameters). For simplicity, the value of Q is taken as 0.5. The values of λ and average values of Hc (i.e. Hc ave ) as well as standard deviation for scarf joints having scarf angle of 45°, 60° and 75° are summarized in Table 2 . It is noted that the ratio of standard deviation to Hc ave is moderate, i.e. less than 30%. This suggests that Hc is indeed a material property which is independent of bond thickness. Using the value of Hc ave in conjunction with Eq. 1, inversely, the strength for each scarf joint can be predicted. Prediction lines for scarf joints having 45°, 60°, 75° and 90° are represented by long dash line, short dash line, dash-dot line and dot-dot line, respectively, as shown in Fig. 4 . Obviously, to some extent, the prediction is in good agreement with the measured data. Hence, it is concluded that the application of Hc approach is appropriate to the estimation of the strength of brittle epoxy adhesively bonded scarf joints with several bond thicknesses. 
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Fracture toughness of scarf joints. Now, we will discuss the fracture toughness of scarf joints with an interfacial crack. Fracture toughness, Jc of scarf joints with an interfacial crack corresponding to fracture load was evaluated by a path-independent integral, J integral calculation in FE analysis. The stress-strain curve as shown in Fig. 5 was extrapolated from the actual uniaxial tensile test data to constitute the adhesive layer. The adherends were assumed to remain elastic materials and the mechanical properties data were taken from Table 1 .
The relationship between fracture toughness, Jc and bond thickness, t is shown in Fig. 6 (a) and 6(b). Here, SEA and AES represent the scarf joint specimens with an interfacial crack at the steel/adhesive interface and aluminium/adhesive interface, respectively. From Fig. 6 (a) and 6(b), despite small variance in data, Jc values for scarf joints having scarf angle of 45°, 60° and 75° are independent of bond thickness. This suggests that interface crack-tip inside scarf joints of identical scarf angle experiences the same level of plastic deformation irrespectives of bond thickness. Since interface crack is obviously longer than bond thickness, no constraint effect can be observed. Therefore, testing of scarf joints with short interface crack (i.e. a < t) may be needed to clarify this feature, but we realize this will be a difficult task.
It is interesting to note that Jc values of SEA and AES scarf joints at certain scarf angle are almost identical: i.e. Jc values are less sensitive to adherend material. This is consistent with the experimental results obtained by Yan et al. [9] using double-cantilever beam (DCB) joints with 7075 aluminium and steel adherends. This indicates that the surface preparation of adherends was adequate. Nonetheless, Choupani [10] mentioned that whenever adhesive joints failed at the interface, the surface preparation of adherends should be considered inadequate. According to his findings using modified Arcan joints bonded with a high strength rubber modified film adhesive, fracture surfaces examination of aluminium adherend specimens revealed that crack growth was clearly occurred within the adhesive, resulting in relatively high toughness values compared to the steel systems. In the present study, all of AES scarf joints failed at the interface. However, two of SEA specimens having 45° and 60° scarf angle failed cohesively and the corresponding Jc values are relatively high. It should be inferred that the quality of the bonding surface might influence the adhesive joint toughness.
We also notice from Fig. 6 (a) and 6(b), that Jc values increase when mode mixity increases. That is, Jc values of 45° scarf joints are higher than 60° and 75° scarf joints about a factor of two. With increasing scarf angle, the amount of mode II loading (i.e. shear loading) in scarf joints also increases. The consequence is an increment in the total toughness, Jc (viz. Jc= J I + J II ). Wang [11] reported a same trend from a series of investigations by some researchers using brittle epoxy adhesive joint. In 
Summary
In this study, the effects of joint geometry and loading mode upon the strength and fracture toughness of epoxy adhesively bonded scarf joints of dissimilar adherends were investigated both experimentally and numerically. From analytical solutions, stress singularity exists most pronouncedly at the steel/adhesive interface corner of joint having 45° to 75° scarf angle and this is in agreement with the fracture observations wherein the fracture always initiated from this point. It is verified that Hc failure criterion can be used to estimate the strength of scarf joints without defect. In the case of scarf joints with an interface crack, Jc values are independent of bond thickness and less sensitive to adherends. In addition, Jc increases as scarf angle increases. From the above results, it can be concluded that 45° scarf joints are not only capable of load-bearing applications but also tough (i.e. damage tolerance to interface crack) and should be considered in adhesive joint design. Any defects on the bonding surface or insufficient bonding achieved may reduce the value of Jc. 
